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Abstract: This study assessed the effects of binaural spectral resolution
mismatch on the intelligibility of Mandarin speech in noise using
bilateral cochlear implant simulations. Noise-vocoded Mandarin speech,
corrupted by speech-shaped noise at 0 and 5dB signal-to-noise ratios,
were presented unilaterally or bilaterally to normal-hearing listeners with
mismatched spectral resolution between ears. Significant binaural bene-
fits for Mandarin speech recognition were observed only with matched
spectral resolution between ears. In addition, the performance of tone
identification was more robust to noise than that of sentence recognition,
suggesting factors other than tone identification might account more for
the degraded sentence recognition in noise.
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1. Introduction
The full benefits of bilateral cochlear implant (CI) stimulation may significantly depend
on unilateral CI performance, which involves factors such as the hearing loss duration
of each ear, the processing ability of the CI user with the device, and the listening envi-
ronment (Litovsky et al., 2006). An earlier study conducted by Litovsky et al. (2006)
reported that bilateral CI users who had a large difference in unilateral CI perform-
ance showed no significant binaural benefits, and, in contrast, those who had similar
unilateral performance showed significant binaural benefits. In a more recent study,
Yoon et al. (2011a) evaluated bilateral and unilateral speech recognition performance
for English phonemes and sentences presented in quiet and in noise, and found that
the binaural benefit was greater when unilateral performance was similar across both
ears. As the difference in unilateral performance between ears increased, the binaural
advantage decreased. This functional relationship was observed across different speech
materials at various signal-to-noise ratio (SNR) levels, even though there was substan-
tial intra- and inter-subject variability.
Although results from these studies indicate that subjects who have very differ-
ent speech recognition performance between implanted ears in general show poor
binaural benefit, there are only a few studies that focus on the likely sources of the per-
formance mismatch between ears. For instance, Yoon et al. (2011b) showed that the
CI insertion-depth difference between ears might contribute to mismatched unilateral
performance, thereby decreasing binaural benefits. Garadat et al. (2010) studied the
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effects of “dead regions” for the performance difference between two implanted ears
and suggested that customized programming for bilateral CI processors based on
knowledge about dead regions could enhance performance in adverse listening situa-
tions. In our current study, we used simulated electric hearing to investigate the impact
of mismatched spectral resolution between implanted ears on the binaural benefits for
recognition of Mandarin tones and sentences. The rationale for the present work is
three-fold. First, it is common for bilateral CI users to have mismatched spectral reso-
lution between implanted ears, which might be a major source for mismatched unilat-
eral performance. Second, it is not clear how mismatched spectral resolution affects
binaural benefits for perception of Mandarin speech in noise. Third, in the context of
binaural benefits in noise, the relationship between performance of tone recognition
and that of sentence recognition has not been examined.
Many studies have shown binaural benefits in English-speaking CI listeners,
and it is natural to foresee that binaural benefits could also be obtained from CI
patients speaking tonal languages such as Mandarin Chinese. Nevertheless, considering
the difference in linguistic cues used by native speakers of non-tonal languages vs tonal
languages, present CI coding strategies do not result in satisfactory tone identification
in unilateral Mandarin CI users (Wei et al., 2004). Therefore, it is worthwhile to assess
and verify whether binaural stimulation could improve tone identification, and whether
the performance improvement in Mandarin tone identification (if any) could account
for the performance improvement of Mandarin sentence understanding in noise.
Vocoded speech has long been used in cochlear implant simulations (e.g.,
Shannon et al., 1995; Zhou and Xu, 2008; Yoon et al., 2011b) for studying how vari-
ous factors could influence speech recognition for unilateral and bilateral CIs, without
a host of confounding factors (e.g., insertion-depth, neural surviving pattern). There-
fore, in this study we assessed the effects of spectral resolution mismatch by using
vocoded speech simulating unilateral and bilateral CIs. The binaural listening experi-
ments were designed in the present study to answer the following questions: (1) How
would spectral resolution mismatch affect the intelligibility of Mandarin speech in bin-
aural electric hearing? (2) Does spectral resolution mismatch have the same impact on
perception of Mandarin sentence as that of Mandarin tone? (3) Since binaural hearing
in cochlear implants substantially improves sentence perception in noise, could this
improvement be attributed to performance improvement in Mandarin tone identifica-
tion? Based on the results from previous studies on the perception of English speech
materials (e.g., Litovsky et al., 2006; Yoon et al., 2011a), we hypothesize that matched
spectral resolution across the two implanted ears will yield more binaural benefits in
Mandarin speech perception. As to the binaural Mandarin tone recognition and sen-
tence perception, we hypothesize that binaural spectral resolution mismatch may have
less effect on tone recognition than on sentence recognition. Our rationale is that, in
simulating the unilateral CI performance for Mandarin speech perception in quiet,
Fu et al. (1998) have shown that vowel, consonant, and tone recognition contributed
equally to Chinese sentence recognition, and they also suggested that lexical tone rec-
ognition strongly relied on temporal envelope cues and was more robust to degraded
spectral resolutions than vowel and consonant recognition.
2. Methods
2.1 Subjects and materials
Ten (four male and six female) normal-hearing native Mandarin-Chinese listeners par-
ticipated in the experiment. The subjects’ ages ranged from 23 to 35 years, and the ma-
jority of subjects were graduate students at The University of Hong Kong. All subjects
were paid for their participation.
The sentence material consisted of sentences taken from the Mandarin Hear-
ing in Noise Test database (Wong et al., 2007). All the sentences were produced by a
male speaker, with fundamental frequency ranging from 75 to 180Hz. One adult male
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and one adult female native Mandarin-Chinese speaker produced the following six
single-vowel syllables in each of the four Mandarin tones (/a/, /o/, /e/, /i/, /u/, /u¨/) in a
sound-treated booth, resulting in a total of 48 vowel tokens (¼ two speakers six
vowels four tones) for Mandarin tone identification. Both Mandarin sentences and
vowels were recorded at a sampling rate of 16 kHz, and their waveforms were then
adjusted to have the same root-mean-square (rms) values (Zhou and Xu, 2008). The
duration of the vowel tokens was normalized (Fu and Zeng, 2000). A steady-state,
speech-shaped noise was used to corrupt the target speech materials at 0 and 5 dB
SNR levels before vocoding processing. The SNR levels were chosen to avoid the ceil-
ing effect.
2.2 Signal processing
In implementing the eight-channel noise-vocoder, the corrupted Mandarin speech
materials were first processed through a pre-emphasis high-pass filter (2000Hz cutoff)
with a 3 dB/octave roll-off, and then band-passed filtered into N¼8 frequency bands
between 80 and 6000Hz using sixth-order Butterworth filters, where N can be viewed
as the spectral resolution equivalently. The equivalent rectangular bandwidth scale
(Glasberg and Moore, 1990) was used to allocate the eight channels with the specific
bandwidth (see Table 1). The envelope of signal was extracted by full-wave rectifica-
tion and low-pass filtering using a second-order Butterworth filter with a cutoff fre-
quency of 160Hz. The envelope of each frequency band was used to modulate white
noise, followed by band-limiting using the same Butterworth band-pass filters. The
envelope-modulated noises of each band were finally summed up and the level of the
synthesized speech was adjusted to yield the same rms value as the original speech.
To simulate spectral-resolution mismatch across the two implanted ears, the
right ear was presented with the eight-channel noise-vocoded stimuli, while the left ear
was presented with the two-, four-, or eight-channel noise-vocoded stimuli. Our ration-
ale to use two, four, and eight as the number of spectral channels is that the results
from Friesen et al. (2001) showed that, despite the relatively larger number (16–22) of
electrodes available, most CI users only receive a limited number (i.e., up to eight) of
channels of spectral information, and those poor performers might receive spectral in-
formation of fewer than eight channels. To evaluate the effect of the number of spec-
tral channels on speech intelligibility in CIs, it is common that many prior studies var-
ied the channel number between 1 to a larger number such as six or eight in vocoder
simulations (e.g., Shannon et al., 1995). The cut-off frequencies used in the two- and
four-channel noise vocoder are listed in Table 1. The three processing conditions
described above are referred to as (1) R8_L2, (2) R8_L4, and (3) R8_L8, respectively,
where R and L denote right and left ears, respectively. For comparison, we also imple-
mented the condition R8_L0, which included only unilateral electric stimulation to the
right ear.
2.3 Procedure
The experiment was performed in a sound-proof booth and stimuli were played to lis-
teners through a Sennheiser HD 250 Linear II circumaural headphone at a comforta-
ble listening level. Prior to the test, each subject participated in a 20min training
Table 1. Filter cut-off (–3 dB) frequencies used for the noise-vocoder.
Band number, N Filter cut-off frequency (Hz)
2 80, 1158, 6000
4 80, 426, 1158, 2710, 6000
8 80, 221, 426, 724, 1158, 1790, 2710, 4050, 6000
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session and listened to the noise-vocoded speech with both matched and un-matched
spectral resolution across the ears to become familiar with the vocoded stimuli and the
testing procedure. Each subject participated in eight testing conditions (¼ two SNR
levels four processing conditions) in Mandarin sentence and tone tests. The order of
the eight testing conditions was randomized across subjects. For the Mandarin sen-
tence test, a total of 20 Mandarin sentences were used per condition and none of the
sentences were repeated across various testing conditions. The subjects were instructed
to repeat the sentence as accurately as possible, and they were allowed to repeat the
stimuli only once. For the Mandarin tone test, each condition consisted of two presen-
tations of each vowel stimulus spoken by a male and a female talker, and each subject
listened to 96 randomized vowel stimuli (¼ two repetitions two speakers six
vowels four tones) per condition. The Mandarin tone responses were collected with
custom software using a computer display of response alternatives and a mouse as a
response key. The subjects were allowed to use a repeat key as many times as they
wished to repeat the presentations of the test stimuli during the tone test. The percent
correct score for each condition was calculated by dividing the number of words/tones
correctly identified by the total number of words/vowel stimuli in a particular testing
condition. Subjects were given a 5min break every 30min during the test.
3. Results and discussion
Figure 1(a) shows the mean scores of Mandarin sentence recognition for all conditions
at different SNRs. Statistical significance was determined by using the percent correct
score as the dependent variable, and SNR levels and processing conditions as the two
within-subjects factors. Two-way analysis of variance (ANOVA) with repeated meas-
ures indicated a significant effect (F [1, 9]¼ 159.7, p<0.0005) of SNR level, a significant
effect (F [3, 27]¼11.2, p<0.0005) of spectral resolution, and a non-significant interac-
tion (F [3, 27]¼2.15, p¼0.117) between SNR level and spectral resolution. Significant
improvement in intelligibility was observed when listeners had access to the binaural
noise-vocoded stimuli with the same spectral resolution (i.e., condition R8_L8) across
ears, compared with the binaural stimulation with un-matched spectral resolution (i.e.,
conditions R8_L4 and R8_L2). For instance, the improvement with the R8_L8 stimuli
relative to the R8_L4 stimuli ranged from 11 percentage points at 5 dB SNR to 7 per-
centage points at 0 dB SNR. Furthermore, post hoc pairwise comparisons using the
Sidak method revealed a significant binaural benefit only for the condition R8_L8
(p<0.05), compared with the condition R8_L0, in which the noise-vocoded stimuli
were presented unilaterally to the right ear. When the spectral resolutions are not
matched between the ears (i.e., conditions R8_L4, and R8_L2), there is no perform-
ance improvement with binaural stimulation compared with condition R8_L0.
Fig. 1. Mean speech recognition scores (percent of Mandarin words/tones identified correctly) as a function of
SNR level in recognizing (a) Mandarin sentences and (b) Mandarin tones. The error bars denote one standard
error of mean (SEM). Asterisk indicates statistically significant (p< 0.05) difference between the binaural (i.e.,
R8_L8, R8_L4, or R8_L2) and unilateral (i.e., R8_L0) performances.
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The results from the tone identification shown in Fig. 1(b) are similar to those
observed from sentence recognition in Fig. 1(a). Two-way ANOVA with repeated
measures indicated a significant effect (F [1, 9]¼13.6, p<0.005) of SNR level, a signifi-
cant effect (F [3, 27]¼9.5, p<0.0005) of spectral resolution, and a non-significant inter-
action (F [3, 27]¼0.98, p¼0.41) between SNR level and spectral resolution. Significant
improvement in intelligibility was observed when listeners had access to the binaural
noise-vocoded stimuli with the same spectral resolution (i.e., condition R8_L8) across
ears compared with binaural stimulation with un-matched spectral resolution (i.e., con-
ditions R8_L4 and R8_L2) at 5 dB SNR. The improvement with the R8_L8 stimuli
relative to the R8_L2 stimuli was 6 percentage points at 5 and 0 dB SNR levels. Signif-
icant performance improvement (p<0.05) is, however, observed only at 5 dB SNR rela-
tive to the unilateral condition R8_L0. Again, when the spectral resolutions are not
matched across ears (i.e., conditions R8_L4, and R8_L2), there is no significant binau-
ral benefit compared with unilateral hearing (i.e., condition R8_L0) at both 5 and 0 dB
SNR.
The above analyses indicate that spectral-resolution mismatch has a significant
impact on the intelligibility of binaurally presented noise-vocoded stimuli. In other
words, spectral-resolution difference may be a likely source for unilateral CI perform-
ance mismatch that leads to decreased binaural benefits. To some extent, this finding is
consistent with previous results reported in Litovsky et al. (2006) and Yoon et al.
(2011a). It is worthwhile to note that such benefits from binaural summation might
not be affected by the “mismatch” of spectral resolutions between ears per se, but
rather depend on the spectral resolution of the added left ear. When there were only
two or four channels available in the left ear, the better spectral resolution in the right
ear dominated the overall performance, yielding no benefits from binaural summation.
Another finding of the present study is the relative performance robustness of
tone identification in either unilateral or bilateral listening. When the SNR level was
decreased from 5 dB to 0 dB, the decrement of sentence recognition scores ranged from
17 percentage points (i.e., condition R8_L4) to 24 percentage points (i.e., condition
R8_L2), while that of the tone identification scores ranged from one percentage point
(condition R8_L0) to 7 percentage points (condition R8_L4). In other words, the per-
cent correct of Mandarin tone identification is relatively stable and not notably
affected by the noise interference in the SNR range [0–5] dB.
The relative robustness of tone identification performance has also been
reported in previous studies. For instance, Fu et al. (1998) found that when the spec-
tral resolution in noise-vocoder simulation was altered from N¼1 to 4, the identifica-
tion of Mandarin tones was almost consistent, i.e., around 60% and 80% with envelope
filter frequencies at 50 and 500Hz, respectively. When Zhou and Xu (2008) simulated
the effect of mismatched spectral distribution of envelopes on Mandarin tone recogni-
tion using a noise-vocoder, they found that spectral shift might not pose a severe prob-
lem for tone recognition when the carrier bands were shifted basally relative to the
analysis bands by 1–7mm in the cochlear. This suggests that the resistance of tone rec-
ognition to spectral shift can be attributed to the overall amplitude contour cues that
are independent from spectral manipulations.
The findings in the current study also shed light on investigating the relation-
ship between Mandarin tone identification and Mandarin sentence recognition in
maskers (at least in steady-state speech-shaped noise) by simulated electric hearing.
Although many studies have examined Mandarin tone identification in quiet (e.g., Fu
et al., 1998, Wei et al., 2004; Zhou and Xu, 2008), only a limited number of studies
have investigated how electric hearing performs in tone-identification task with noise
being present (e.g., Kong and Zeng, 2006), and whether in noise, performance in tone
identification can predict performance in sentence recognition. Several clinically ori-
ented studies have found that some Mandarin-speaking CI users perform poorly in
Mandarin tone identification even in quiet (e.g., Wei et al., 2004), and a relevant ques-
tion could be raised on whether this poor performance in tone identification shown in
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these CI users would predict decreased performance of their perception of Mandarin
sentence in noise, which clearly presents a more clinically relevant situation.
To this end, the present results show that, compared with the more pro-
nounced response to noise level observed in Mandarin sentence recognition task, the
performance of Mandarin tone identification is relatively robust and resistant to noise
interference. The robustness of Mandarin tone recognition in noise might be partially
due to two factors. First, acoustic cues on lexical tone identification (e.g., tonal enve-
lope cue) mainly exist in vowel segments, and thus might be better recognized, as
vowel segments usually have stronger energies and more favorable local SNRs than
other segments (e.g., consonants). Second, there are only four choices for tones, and
such a higher chance level may make tone recognition more robust in noise than con-
sonant or vowel recognition. Note that further investigation in the future is needed to
compare the Mandarin vowel and consonant recognition in noise with tone recognition
in the experimental conditions.
The findings in this study indicate that factors other than tone identification
account more for the degradation of Mandarin sentence understanding in noise. On
the other hand, although the present study indicates that noise interference might have
less of an impact on the performance of Mandarin tone identification, and the per-
formance of Mandarin sentence recognition (e.g., when SNR was increased from 0 to
5 dB) might not result from correctly identifying more Mandarin tones, it does not
mean tone identification does not play an important role in Mandarin sentence recog-
nition. For instance, Fu et al. (1998) showed that in quiet, tones, vowels and conso-
nants contributed equally to Chinese sentence recognition. More work still needs to be
done to investigate the relationship between Mandarin sentence recognition and tone
identification, particularly in noise.
4. Conclusions
The present study assessed the effects of spectral resolution mismatch for Mandarin
speech (sentence and lexical tone) intelligibility in simulated binaural electric hearing.
Consistent with previous findings on binaural benefit for English speech materials, the
present results indicate that sentence perception performance of binaural CI listening
in noise is affected by the difference of spectral resolution between ears, and binaural
benefits are maximized with matched spectral resolution in the two implanted ears. In
addition, the present study shows that tone identification in steady-state speech-shaped
noise is more robust than sentence recognition, indicating that tone identification per-
formance in noise might not predict sentence recognition performance in unilateral and
bilateral CIs, and factors other than tone identification might significantly account for
the performance of Mandarin sentence understanding in noise.
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